This paper presents an efficient vibration energy harvester with a piezoelectric (PE) cantilever. The proposed PE energy harvester increases the efficiency through minimization of hardware complexity and hence reduction of power dissipation of the circuit. Two key features of the proposed energy harvester are (i) incorporation synchronized switches with a simple control circuit, and (ii) a feedforward buck converter with a simple control circuit. The chip was fabricated in 0.18 µm CMOS processing technology, and the measured results indicate that the proposed rectifier achieves the efficiency of 77%. The core area of the chip is 0.2 mm2.
I. INTRODUCTION
Elimination of batteries is highly useful for some applications, where replacement of a battery is costly or impractical. Piezoelectric (PE) energy harvesting offers high energy density ranging from 10 uW to 100 uW/cm 3 and is a viable solution for those applications [1] . Low power dissipation of the circuit as well as maximum extraction of the power is important for any small scale energy harvesters, which leads to high efficiency. A PE transducer exhibits an AC voltage or current source with a source capacitance. Two major circuit bocks of a PE energy harvester are a rectifier and a voltage regulator. Conventional full bridge rectifiers with passive diodes suffer from low efficiency due to (i) large power dissipation across the passive diodes and (ii) inability to extract large power from the capacitive PE source. Various configurations of active diodes were investigated to reduce power dissipation of passive diodes, and a rectifier based on cross-coupled PMOS transistor and comparators in [5] achieves high efficiency. To extract maximum power from the capacitive source of a PE transducer, two nonlinear approaches were investigated [1] [2] [3] [4] [5] . The first approach is to discharge the capacitor with a switch when the PE transducer current changes its direction from positive to negative or vice versa [1, 2, 4, 10] . The approach called synchronized switch (SS) shortens the time period to charge the capacitor, but fails to harvest the energy stored in the capacitor prior to the zero-crossing point of the current. The SS rectifiers reported in [1, 4] short the two terminals of the transducer directly with a switch(es). The method requires complex circuitry to detect the zero-crossing point and two external supply voltages. The second approach called synchronized switch harvesting on inductor (SSHI) relies on an LC resonator to flip the polarity of the capacitor voltage at each current zerocrossing point [1, 8] . An SSHI rectifier can extract more power than an SS rectifier, as it scavenges the energy stored in the capacitor prior to the zero-crossing point. An SSHI rectifier requires typically a large off-chip inductor and a complex the control circuit to fine tune the timing of the resonator [1] .
Since the voltage generated by a PE transducer is typically higher than that for rechargeable batteries, a buck or buck-boost converter is usually used to regulate the output voltage. The power dissipation of a converter as well as its efficiency is critical to the efficiency of small scale PE energy harvesters, whose power ranges typically 10µW to 100µW. Hence, a DC-DC converter with a sophisticated control scheme does not necessary lead to higher efficiency due to larger power dissipation of the control circuitry itself. This paper presents an efficient PE energy harvester, which adopts an SS rectifier and a buck converter. The control circuitry for the SS rectifier and the buck converter is much simpler compared with other existing PE energy harvesters, which results in high efficiency.
The proposed SS rectifier adds two switches to the rectifier reported in [5] for synchronized switching, but unlike existing SS rectifiers it does not require external supply voltages.
II. PROPOSED ENERGY HARVESTING CIRCUIT

Proposed Rectifier
Lam et. al proposed a rectifier which implements diodes with two cross-coupled PMOS transistors and comparator-based NMOS transistors [5] , and the rectifier called Lam rectifier in this paper is highly efficient. The proposed rectifier incorporates synchronized switching to Lam rectifier to realize an SS rectifier, which will further improve the efficiency. Fig. 1(a) shows the proposed rectifier, in which two switches, MP 3 and MP 4 , are added to the two cross-coupled pMOS diodes in parallel. The PE transducer in the figure is modeled as a current source i P (t) = I P sin(2πf P t), in which I P = 125 uA, in parallel with a capacitor C P = 125 µF, and resistor R P = 1 MΩ [1] . Frequency f P = 200 Hz is the excitation frequency. When current i P is negative, capacitor C P is charged to -(V rect +V D ), where V rect is the rectifier output voltage and V D is the total voltage drop across the diodes [1] . In Lam rectifier, when the current crosses zero and becomes positive, the negative charge of C P is discharged first before it starts to be charged positively. The PE current starts to flow to the load only when the capacitor voltage reaches at (V rect +V D ). In other words, the generated PE energy is not delivered to the load during the period for the capacitor voltage rising from -
The proposed rectifier senses the zero-crossing point of PE current i P and turns on MP 3 and MP 4 momentarily to discharge the capacitor (i.e., synchronized switching operation), so that the capacitor voltage rises from -(V rect +V D ) to zero instantly. Consequently, it shortens the time for the capacitor voltage to reach (V rect +V D ). The control circuit to sense zero-crossing point and to turn on the two transistors is shown in Fig. 1(b) . The exclusive-OR operation of the control voltage G 1 or G 2 and its delayed one generates a short negative pulse, which turns on the two transistors MP 3 and MP 4 momentarily. Fig. 2 shows relevant waveforms of the proposed rectifier. The capacitor voltage V BA becomes 0 from -(V rect +V D ) instantly due to the synchronized switching operation. When V BA reaches +(V rect +V D ), transistor MP 1 is turned on, and control voltage V G2 transitions from low to high to turn on MN 2 . The harvested current, i rect flows into the load while V BA being held at constant. The bottom shaded waveform indicates the periods when the energy is transferred to the load. When the transducer current crosses zero to be negative, MP 1 is turned off, and control voltage V G2 drops from high to low to turn 
The SS rectifier doubles the extracted power compared with Lam Rectifier. In contrast, the maximum extracted power of a conventional full bridge rectifier with passive diodes is given as [1, 3] . 
where V Drop is the diode voltage drop of passive diodes. Considering I P = 125 u, C P = 25 nF, f P = 200 Hz, and V Drop = 0.4 V, the extracted power of the proposed SS rectifier is about 3.5 times than that for a conventional full-bridge rectifier with passive diodes.
Proposed DC-DC Buck Converter
A buck converter is used for the proposed PE energy harvester to regulate the output voltage. Fig. 3(a) shows the proposed buck converter and the associated controller, which adopt a feed-forward control to reduce the power consumption. Fig. 3(b) shows the timing diagram of the controller. Input voltage V rect (equally the output voltage of the rectifier) is applied to the sawtooth signal generator, which generates a sawtooth waveform with the peak value of:
Two power switches PSW and NSW are controlled by a PWM signal with duty cycle D. The duty cycle D for PCLK is:
with the switching frequency Fig. 4 shows current source, i P , synchronized switches control signal, φ S , transducer capacitor voltage V BA , and harvested current i rect , with variation of frequency from 100 Hz to 400 Hz with a 100 Hz step. The synchronized switches control signal φ S , is low for a short period (15 µs) at transducer current zero crossing point, thereby transducer capacitor voltage V BA to zero instantaneously.
III. SIMULATION AND MEASUREMENT RESULTS
The proposed PE energy harvester is fabricated in 0.18 µm CMOS processing technology, and a die photo is shown in Fig. 5 . The core area of the chip is 0.2 mm 2 . The test set up to simulate and measure the performance of the chip is as follows: PE transducer parameters: I P = 125 uA; f P = 200 Hz; C P = 25 nF; R P = 1 MΩ, and load resistor: adjusted from 20 kΩ to 80 kΩ. Fig. 6 shows the power efficiency of system as a function of load current. With the above parameters, the maximum extracted load current is 60 uA at 1.8 V output. In Fig. 6 , the peak power efficiency of the system is 77 % at the load current of about 52 uA. Fig. 7 shows waveforms of capacitor voltage V AB and rectifier output voltage V rect of the proposed rectifier with synchronized switching and the one without synchronized switching (i.e. Lam rectifier) under the same load resistance. The waveform of the proposed rectifier indicates that V AB is reset at the zero-crossing point and charged rapidly. It is interesting to note that V rect of the proposed SS rectifier is higher (3.6 V) than Lam rectifier (2.3 V) due to less wasted power. Fig. 8 indicates that the output voltage V O is regulated to 1.8 V with the duty cycle of about 0.5. It was observed that the converter operates in continuous conduction mode (CCM). The maximum extracted power of the proposed harvester under the optimal resistor load of 100 KΩ is 125 µW, and the output power of the rectifier is 143 µW. The proposed harvester achieves 77% efficiency when compared against the theoretical maximum extracted power of 158 µW [1] . The efficiency of the buck converter is 87%, which is quite high due to the simple control circuitry. Lam rectifier extracts only 72 µW, which demonstrates the effectiveness of the synchronized switching. The proposed DC-DC converter consumes quiescent current of only 350 nA. Table 1 compares the performance of the proposed PE harvester with recently reported PE energy harvesting systems. [7] occupies small area chip by using simple control, however, the output voltage of system is high ripple. Therefore, a LDO is added to regulator output voltage. [1] achieves high overall efficiency by using bias-flip rectifier but chip area is big. [9] achieves small area chip by using simple control, however, this circuit has uses two off-chip Schottky diodes for rectifier. This work proposes system that includes fully integrated high efficiency synchronous switches rectifier and low circuit complexity DC-DC buck converter. Although it is difficult to compare the performance fairly due to different processing technologies and features, the proposed PE harvester achieves the highest efficiency among existing PE energy harvesting systems.
V. CONCLUSIONS
This paper presents an efficient PE energy harvester, which minimizes the hardware complexity to reduce the power dissipation and hence increase the efficiency. Two key features of the proposed energy harvester are (i) incorporation synchronized switches with a simple control circuit, and (i) a feed-forward buck converter with a simple control circuit. The chip was fabricated in 0.18 µm CMOS processing technology, and the measured results indicate that the proposed rectifier achieves the efficiency of 77%. 
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